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mand  for  structurally  mounted  pointing  systems  in  space  applications.  The  design 
and  implementation  of  a  disturbance  rejection  system  is  manifested  in  the  form  of  a 
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movement.  The  actuation  methods  are  coupled,  using  the  turntable  as  a  single  axis 
gimbal  for  slow  pointing,  and  the  piezo-mirror  in  a  fast  disturbance  rejection,  fine 
pointing  loop.  Theoretical  design  and  practical  hardware  considerations  are  explored 
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Chapter  1 

INTRODUCTION 


1.1  Background 

A  number  of  expanding  areas  in  space  technology  are  creating  a  demand  for  highly 
accurate,  high  bandwidth  pointing  systems.  They  include  communications  systems, 
payload  pointing  systems  for  the  shuttle  and  space  station,  astronomical  systems, 
and  directed  energy  systems  for  the  Space  Defense  Initiative.  In  all  of  these  systems, 
pointing  accuracy  is  to  some  degree  susceptible  to  vibrations  due  to  the  excitation  of 
flexible  structural  modes  of  the  supporting  structure.  Sources  of  excitation  in  space 
structures  include  asymmetric  solar  heating,  micro- meteorite  impacts,  spacecraft  ma¬ 
neuvering,  and  routine  onboard  operations  such  as  crew  movement,  pump  vibrations, 
and  radiator  motions  [Hughes  86].  The  problem  of  dealing  with  these  disturbances 
to  a  pointing  system  is  the  primary  focus  of  this  research.  Other  non-structural  dis¬ 
turbances  of  interest  are  atmospheric  interference,  laser  beam  jitter,  and  small  scale 
high  speed  target  maneuvering.  The  disturbance  rejection  pointing  system  explored 
in  this  reasearch  represents  a  high  bandwidth,  low  degree  of  freedom  controller  which, 
when  paired  with  a  slower,  high  degree  of  freedom  gimbal  system,  make  up  a  complete 
pointing  system.  The  final  topic  in  this  research  is  an  examination  of  some  simple 
control  laws  that  coordinate  the  efforts  of  these  fast  and  slow  loops. 

1.2  Problem  Definition 

In  the  experiment  setup  shown  in  Figure  1.1,  beam  path  optics  are  mounted  on  a 
flexible  planar  truss  structure  to  simulate  the  modal  excitations  found  in  the  space 
platform  environment.  A  laser  beam  is  directed  from  the  source,  to  a  mirror  mounted 
at  the  base  of  the  truss,  to  a  mirror  mounted  at  the  tip  of  the  structure,  through  a 
beam  splitter,  and  finally  through  a  cylindrical  lens  and  into  a  single  axis  linear 
photodctector. 


Figure  1.1:  Experimental  Setup 


Optical  disturbances  are  created  through  the  base  mirror.  This  mirror  is  driven 
to  create  a  known  beam  angle  disturbance  profile  of  which  the  controller  has  no 
information  other  than  a  resulting  position  error  at  the  sensor  output.  Structural 
disturbance  of  the  beam  path  is  created  by  exciting  the  truss  using  either  air  jet 
thrusters  (AJT’s)  or  a  proof  mass  actuator  (PMA).  The  tip  mirror  acts  as  the  control 
actuator  and  works  to  reject  both  structural  and  non-structural  disturbances.  Both 
the  tip  and  base  mirrors  are  driven  by  piezo  actuators  which  give  them  fast  response 
but  low  angular  authority.  The  linear  photodetector  acts  as  both  a  feedback  signal 
source  and  as  the  primary  measure  of  system  performance.  It  does  an  excellent  job  of 
detecting  the  slightest  beam  motions  and  has  outstanding  high  frequency  response. 
The  cylindrical  lens  focuses  the  beam  in  the  vertical  plane,  thus  removing  any  out-of- 
plane  motion  and  keeping  the  beam  in  the  photodetector’s  range.  Another  important 
sensor  is  a  servo  accelerometer,  mounted  at  the  tip,  which  is  used  in  a  feedforward 
loop.  All  control  laws  are  implemented  on  analog  computers  that  allow  for  quick 
changes  in  control  settings  and  structure.  A  personal  computer  and  a  four  input,  one 
output  Fourier  analyzer  provide  data  acquisition  and  analysis  capability.  Figure  1.2 
shows  the  arrangement  of  experimental  hardware. 


Figure  1.2:  Arrangement  of  Experimental  Hardware 
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1.3  Hardware  Description 

1.3.1  Truss 

The  flexible  planar  truss  structure  is  7.07  meters  long.  It  contains  20  square  bays, 
0.354  meters  on  a  side  and  0.500  meters  on  the  diagonal.  Steel  ball  bearings  support 
the  truss  and  allow  planar  motion  with  very  little  friction.  The  primary  structural 
components  of  the  239  lb  platform  include  aluminum  truss  members,  hollow  steel 
joints,  and  chordwise  steel  bars.  The  aluminum  members  and  steel  joints  are  standard 
modular  components  manufactured  by  Mero  Corporation.  The  root  of  the  truss  is 
fixed  to  a  heavy  steel  table  that  is  bolted  to  the  concrete  floor.  The  first  four  dominant 
transverse  natural  frequencies  are  1.56,  10.0,  24.7,  and  43.0  Hz  [Hallauer  89]. 

1.3.2  Laser 

A  5.0  mW  Helium-Neon  class  Illb  laser  built  by  Uniphase  Corporation  is  used  as  the 
beam  source.  The  beam  diameter  is  0.83  mm  at  the  origin  with  1.0  mrad  divergence, 
thus  at  the  photodetector  the  beam  diameter  is  12  mm.  The  unit  emits  a  red  light 
of  632.8  nm  wavelength  and  random  polarization. 

1.3.3  Optics 

Optics  used  in  the  experiment  include  two  mirrors,  a  beam  splitter,  and  a  planar- 
convex  cylindrical  lens.  The  mirrors  are  Newport  Corporation  model  20D10’s,  3  inch 
in  diameter  with  DM.4  HeNe  coating.  The  beam  splitter,  a  stock  item  from  CV1 
Corp.  is  2  inches  in  diameter,  HeNe  coated,  and  has  50%  polarization.  CVI  also 
manufactured  the  cylindrical  lens  which  is  a  special  order  item.  The  lens,  which  is 
HeNe  coated,  is  3  x  1.5  inches  with  a  3  inch  focal  length. 

1.3.4  Piezo  Actuators/ Mirror  Mounts 

The  piezo  actuated  mirror,  shown  in  Figure  1.3,  is  the  most  critical  component  of 
the  experiment  because  it  serves  as  the  plant  in  the  control  problem  formulation. 
The  unit  consists  of  a  mirror  mount,  a  3  inch  mirror,  and  a  piezo  translator.  The 


Figure  1.3:  Mirror-Piezo  Plant 


mount,  a  Klinger  SL  31.5,  is  micrometer  adjustable  for  50  mrad  in  two  rotational 
axis.  Its  rotating  front  plate  is  secured  by  four  springs.  The  piezo  translator  replaces 
the  horizontal  degree  of  freedom  micrometer,  allowing  electronic  control  of  the  mirror 
in  the  x-axis.  The  actuator  is  a  Polytec  Optronics  P-840.60  with  a  90  fim.  maxi¬ 
mum  expansion,  800  N  maximum  pushing  force,  and  80  N  maximum  pulling  force. 
Mounting  is  done  so  that  the  translator  provides  the  pushing  force  while  the  springs 
in  the  mirror  mount  provide  the  return  force.  The  piezo  stack  is  driven  by  a  P-863.00 
Piezo  Driver-Amplifier  which  allows  the  translator  to  be  controlled  using  a  ±  5  volt 
external  signal.  The  maximum  peak-to-peak  angular  motion  of  the  piezo  actuated 
mirror  is  2.5  mrad,  which  is  enough  to  accommodate  any  structural  disturbances  of 
interest. 
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1.3.5  Photodetectors 

Laser  motion  is  monitored  by  a  PIN-SL-76-1  optical  single-axis  position  sensing  el¬ 
ement  manufactured  by  United  Detector  Technology  (UDT).  The  device  provides  a 
continuous  signal  which  is  linear  and  accurate  to  99.9  %  over  90  %  of  its  working  area. 
Its  effective  sensing  area  is  76  x  2.5  mm.  Responsivity  is  0.6  amps/watt,  position 
detection  error  is  typically  76  pm,  rise  time  (10-90%)  is  typically  30  ns,  and  noise 
current  for  the  photodetector  is  0.4  pA/ H z1/2 .  The  device  is  used  in  conjunction 
with  a  Model  301  Div  signal  conditioning  amplifier,  also  made  by  UDT.  This  unit 
interfaces  with  the  sensor  to  provide  0-10  volt  position  and  sum  outputs.  The  sum 
output  is  a  measure  of  sensor  illumination. 

Figure  1.4  shows  the  power  spectrum  of  the  sensor  position  output  under  static 
conditions.  Notice  the  strong  noise  signals  with  peaks  at  120  +  60  x  N  Hz,  N  being  an 


Figure  1.4:  Power  Spectrum  of  Sensor  Noise 
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integer  value  >  zero.  The  source  of  this  noise  is  jitter  in  the  room  fluorescent  lighting. 
To  deal  with  this  problem  a  black  cardboard  box,  12”  x  5”  x  5”,  was  constructed  to 
surround  the  optics-sensor  setup.  Two  holes  provide  for  beam  entrance  and  exit,  so  a 
small  amount  of  room  lighting  noise  still  exists.  Figure  1.5  shows  the  power  spectrum 
of  the  sensor  output  after  the  addition  of  the  black  box.  The  position  signal  noise 


Figure  1.5:  Power  Spectrum  of  Sensor  Noise  with  Black  Box 

is  reduced  from  a  value  of  0.4182  volts  rms  to  .002558  volts  rms,  a  change  of  46  db. 
The  noise  is  still  not  negligible  and  is  an  important  factor  in  the  controller  design. 

1.3.6  Accelerometer 

The  excitation  of  flexible  structural  modes  is  monitored  by  two  accelerometers  mounted 
at  the  mid  and  tip  stations  of  the  truss.  These  are  Sundstrand  Data  Control  Model 
QA-700  servo  units.  The  sensing  resistors  are  set  to  produce  38.8  volts/g  so  high 
motion  sensitivity  can  be  achieved  [Hallauer  89). 
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position  sensor 


air  jet  thruster 


1.3.7  Proof  Mass  Actuators/Air  Jet  Thrusters 

In  order  to  effectively  monitor  disturbance  rejection,  some  controlled  way  of  exciting 
the  truss  is  necessary.  This  is  done  primary  using  a  tip  mounted  proof-mass-actuator 
(PN1A),  and  to  a  limited  extent,  two  tip  mounted  air-jet-thrusters  (AJT's).  The 
actuated  mass  of  the  PM  A  is  a  1.4  kg  alnico  magnet  driven  by  an  electromagnetic 
coil.  Feedback  from  a  linear  velocity  transducer  and  an  eddy  current  sensing  position 
transducer  provide  position  stability  and  damping  to  the  PMA.  The  AJT's  are  driven 
by  on-off  triggered  circuits  and  are  powered  by  60  psi  lab  air  pressure.  The  tip 
mounted  actuation  hardware  is  shown  in  Figure  1.6. 


inear  velocity  transducer 


Figure  1.6:  Tip  Mounted  Proof  Mass  Actuator  and  Air  Jet  Thrusters 
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1.3.8  Analog  Computers 

Implementation  of  control  laws  in  this  experiment  is  done  almost  entirely  using  the 
Comdyna  GP-6  analog  computer.  Using  banana-plug  leads  and  adjustable  pots,  cir¬ 
cuits  are  built  quickly  on  the  eight  available  operation  amplifiers  and  potentiometers. 
Operating  voltage  is  ±  10  volts.  These  units  can  be  linked  together  when  a  greater 
number  of  op  amps  are  required. 

1.3.9  Fourier  Analyzer 

Data  acquisition  and  analysis  is  carried  out  using  the  Tektronix  2630  Fourier  Analyzer 
and  a  Zenith  248  AT  personal  computer.  The  2630  has  four  analog  inputs  and  one 
analog  output  channel.  The  unit  has  extensive  time  and  frequency  domain  capabilities 
and  comes  with  built  in  anti-aliasing  filters  for  acquisition.  The  sampling  rate  is 
automatically  set  at  2.56  times  the  bandwidth  of  the  anti-aliasing  filters.  It  has 
internal  computing  capability  to  quickly  perform  complex  operations,  the  primary 
one  being  the  fast  Fourier  transform  (FFT).  Figure  1.7  shows  the  2630  with  the 
Zenith  PC  set  up  for  data  acquisition. 

Using  the  FFT,  the  2630  can  derive  a  number  of  useful  functions.  Using  two  time 
histories  x(i)  and  y(i)  (i  =  0,1,2,...,N-1)  one  can  define  their  transforms  X(k)  and 
Y(k)  (k  =  0,l,2,...,N/2).  Power  spectrum,  Sxx(k),  and  cross-spectrum,  Sxy(k),  are 
then  derived. 

5„(t)  =  (4)  x-(k).\(k)  =  (1)  ix(t)f  (l.i) 

S„(k)  ^  X-(k)Y(k)  (1.2) 

P  is  the  frame  time  and  *  is  complex  conjugate.  The  statistical  accuracy  of  the  power 
spectrum  is  e  =  \/\/M ,  with  M  being  the  number  of  data  blocks  used  in  averaging 
the  results.  Once  determined,  the  power  spectrum  and  cross-spectrum  can  be  used 
to  derive  a  number  of  other  functions.  These  include  the  transfer  function: 

0.3) 

the  impulse  response  function: 


hxy{i )  =  FFT-l[Hxy{k )] 


(1.4) 


Figure  1.7:  Tek  2630  Fourier  Analyzer  and  Zenith  248  AT  Data  Acquisition  Setup 
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the  auto-correlation  function: 


sxx(i)  =  FFT~1[Sxx(k)]  (1.5) 

and  the  cross-correlation  function: 

sxy  =  FFT~1[Sxy(k)].  (1.6) 

Another  useful  function  of  the  2630  is  swept  sine  measurements.  This  is  done  using 
the  SWSINE.EXE  program.  The  analog  output  channel  generates  a  sine  wave  and 
automatically  sweeps  through  a  desired  set  of  frequencies  while  the  input  channels 
acquire  data.  Magnitude  and  phase  information  is  then  derived  and  stored.  The 
SWSINE  function  is  very  useful  in  cases  where  a  noisy  input  signal  is  not  suitable  or 
when  output  data  is  heavily  corrupted  with  noise  [Tektronix  89). 


Chapter  2 

MODELING  AND  CONTROL  THEORY 

2.1  Actuated  Mirror  Modeling 

2.1.1  Model  Structure 

The  first  step  in  modeling  the  mirror-piezo  unit,  shown  in  Figure  2.1.  is  to  analyze 
its  physical  properties  and  define  basic  relationships.  The  piezo  translator  has 


Figure  2.1:  Mirror- Piezo  Layout 


a  mechanical  resonance  of  6  kHz,  well  beyond  the  range  of  interest  in  this  exper¬ 
iment.  The  transfer  function  from  piezo  voltage  input  to  translator  position  out¬ 
put,  Xpif.:o(s) / Vpiezo(s) ,  can  be  treated  as  a  DC  gain.  The  piezo  driver-amp  is  also 
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high  bandwidth  so  the  trasfer  function  from  amplifier  control  voltage  input  to  am¬ 
plifier  output,  Vvie2o{s)IVcontroi{s),  is  treated  as  a  gain  of  10.  The  translator  has  a 
nominal  expansion  of  90  micrometers  at  100  volts  and  the  moment  arm  from  the 
piezo  to  the  pivot  point  is  approximately  40  mm.  This  gives  an  initial  estimate  of 
2.25mrad/\00volts  for  the  static  value  of  0m,rror(-s)/V^,ezo(s),  the  transfer  function 
from  piezo  voltage  input  to  mirror  angle  output.  The  dynamic  behavior  in  the  plant 
comes  from  the  mirror  mount  and  four  springs  that  secure  the  face  plate.  There  is 
no  physical  component  of  the  mount  that  adds  damping  besides  friction.  The  trans¬ 
fer  function  from  the  amplifier  control  voltage  input  to  mirror  angle  output  for  the 
mirror-piezo  plant  is  therefore  assumed  to  be  that  of  a  second  order  spring-mass- 
damper  system  with  low  damping. 

©mirror  (s)  A  m^m  1) 

Vcontrol(s)  S2  +  2£mLJmS  +  ^4 

An  optical  gain  is  present  in  the  system  due  to  the  fact  that  the  angle  of  incidence 
equals  angle  of  reflection. 

©team  =  lbO  ©incidence  ©re flection  =  1  80  —  2  X  ©incidence  (2.2) 

As  the  ©incidence  changes  by  A,  the  beam  angle  changes  bv  2  x  A.  so  there  is  a 
gain  of  2  between  the  mirror  angle  and  the  beam  angle. 

2.1.2  Experimental  Development 

Experimental  analysis  of  the  mirror-piezo  transfer  function  is  performed  using  the 
transfer  function  mode  of  the  2630  Fourier  analyzer.  A  0.50  volt  mis  white  noise 
signal  is  sent  into  the  piezo  driver  while  the  corresponding  beam  motion  is  monitored 
by  the  linear  photodetector.  The  computer  uses  the  input  and  output  sequences  along 
with  the  FFT  to  generate  magnitude  and  phase  information.  The  results  from  ten 
frames  of  1024  data  points  are  averaged  to  provide  information  from  0  to  5000  Hz. 
The  anti-aliasing  filters  are  set  at  5  kHz  and  the  sampling  rate  is  12.8  kHz. 

The  results  in  Figure  2.2  show  uie  experinn  ntal  transfer  function  (solid  line)  and 
the  theoretical  model  (dashed  line)  with  the  parameters  Am  =  0.25,  =  500  x 

(2 7r )  rad/s,  and  =  0.10.  It  is  seen  that  the  model  matches  the  experimental 
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Frequency  (Hz) 

Figure  2.2:  Experimental  and  Theoretical  Mirror-Piezo  V3ens/Vcontroi 

results  quite  closely.  Damping  is  low,  as  can  be  seen  by  the  high  peaking  at  the 
resonance  frequency.  A  number  of  lesser  peaks  exist  after  the  resonance  peak.  These 
harmonics  of  the  natural  frequency  show  up  at  integer  multiples  of  500  Hz  and  exist 
as  a  result  of  the  experimental  nature  of  the  analyzed  data.  The  natural  frequency  of 
the  plant  is  at  500  Hz,  very  high  with  respect  to  the  modes  of  the  truss  that  generate 
the  structural  disturbances.  This  is  good  news  because  the  mirror-piezo  unit  acts  like 
a  DC  gain  at  those  frequencies  and  avoids  potential  structural  interaction  problems 

2.2  Controller  Design 
2.2.1  Closed  Loop  Design 

I  he  primary  objective  of  this  design  is  the  rejection  of  structural  and  optical  dis¬ 
turbances.  An  important  closed  loop  measure  of  performance  in  a  pointing  system 
is  bandwidth,  and  so  command  following  must  be  considered.  The  rejection  of  high 
frequency  sensor  noise  is  also  critical  in  a  realizable  design.  Figure  2.3  is  a  simple 
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unity  feedback  block  diagram  that  shows  how  reference  inputs  -  R(s),  disturbances  - 
D(s),  and  noise  -  N(s)  enter  the  closed  loop  system.  G(s)  is  the  plant  and  K(s)  the 
controller. 


D(s) 


The  goal  of  disturbance  rejection  is  to  have  the  relationship  : 


Y(s) 

D(s) 


=  0 


for 


The  plant  disturbance  transfer  function  is 


W  <  U1 bandwidth ■ 


Y{s)  1 

D{s)  1  +  K{s)G(s) 

so  we  want 

K(S)G(S)  =>  OO  for  U  <  OJbandw,dth- 
The  goal  of  command  following  is  to  have  the  relationship  : 


Yj») 

R(s) 


=  1 


The  command  transfer  function  is 


for 


^  ^  ^ bandwidth • 


Y{»)  _  I<(s)G(s) 

R(s)  1  +  K(s)G{s) 
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so  again  we  want 


K  (s)G (s)  ^  OO  for  UJ  <  U! bandwidth • 


Noise  rejection  is  achieved  through  the  relationship  : 


Y(s) 

N(s) 


=  0 


The  signal  noise  transfer  function 


for 


LO  >  LO bandwidth ■ 


Y(s)  _  K(s)G(s) 
N(s)  1  +  I<(s)G(s) 


so  we  want 

(^)G(s)  0  for  U)  >  i ^bandwidth- 

The  only  variable  parameters  in  these  equations  are  those  in  K(s),  the  controller.  The 
relationships  dictate  that  the  controller  have  high  gains  at  low  frequencies  to  achieve 
disturbance  rejection  and  command  following,  and  low  gains  at  high  frequencies  for 
noise  rejection.  The  frequency,  u>bandwidth >  is  driven  by  the  performance  requirements 
and  noise  characteristics  of  the  experiment.  The  highest  of  the  first  four  dominant 
transverse  structural  modes,  40  Hz,  drives  the  low  end  for  u>bandwidth-  The  noise 
spectrum  of  the  sensors  limits  the  high  end  values  of  u> bandwidth ■  A  simple  classical 
technique  for  achieving  the  desired  gain  profile  is  the  use  of  proportional- integral  (PI) 
feedback,  K(s)  =  Kp{s  +  The  integral  action  in  the  PI  controller  guarantees 

zero  steady-state  error,  an  important  quality  in  pointing  systems.  The  proportional- 
A'p  and  integral- A',  gains  are  chosen  to  satisfy  the  disturbance  rejection,  bandwidth, 
and  noise  rejection  requirements.  Stability  must  also  be  maintained,  increasing  A"p 
pushes  the  closed  loop  poles  of  the  system  towards  the  right  half  of  the  s-plane. 
Hardware  issues  such  as  voltage  limitations  and  actuator  saturation  also  restrict  the 
magnitude  of  gains. 


2.2.2  Feedforward  Design 

There  are  different  types  of  disturbances  on  a  system.  These  can  be  classified  into  two 
groups:  those  which  can  be  observed,  and  those  which  are  unobservable.  When  some 
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part  of  a  disturbance  can  be  measured,  it  may  be  used  in  conjunction  with  an  open 
loop,  feedforward  path  to  provide  rejection.  This  idea  is  illustrated  in  Figure  2.4. 
Dl(s)  is  the  part  of  the  disturbance  that  can  be  measured.The  transfer  function  from 
the  observable  disturbance  input  to  the  output  is 


Y(s)  _  1  +  F(s)G(s) 
Dl(s)  1  +  I<(s)G(sY 


If  F(s)  =  — (^(s)  x,  K(s)/Dl(s)  will  equal  zero,  and  perfect  disturbance  rejection 
will  be  achieved  for  Dl(s).  In  reality  it  is  impossible  to  exactly  invert  a  system. 


D1(s)  D2(s) 


Even  in  the  single-input/single-output  case  the  linear  model  G(s)  is  never  exact. 
Physical  systems  are  almost  always  strictly  proper,  so  their  inverses  are  normally 
not  realizable.  Despite  these  problems,  some  benefit  can  still  be  derived  from  the 
information  about  the  observable  disturbance.  A  feedforward  compensator  uses  the 
available  information  to  mitigate  the  effects  of  the  approximately  linear  disturbance. 

In  the  case  of  the  disturbance  rejection  problem,  the  plant  transfer  function, 
G(s)  =  0 m ittot ( 5 )/ Vcontroi ( ^ )  (see  equation  2.1),  is  strictly  proper.  Its  inverse 


G(s)~' 


s2  + 


26,  .  f  1 

F  m^'m  F  m 


(2.4) 
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is  not  normally  realizable  as  it  contains  differentiation  and  double-differentiation 
terms.  Note  that  in  the  time  domain  the  feedforward  output  is 

Vfeedforward{t)  =  T7 - T^diat{t)  —  — — — 0 dial (0  ~  ~r^Qdiat{t)-  (2.5) 

iXm^rn  i  v  m^m  *  m 

The  unobservable  part  of  the  disturbance  is  beam  jitter  and  target  vibration. 
The  observable  disturbance  is  the  beam  motion  induced  through  the  excitation  of 
flexible  structural  modes  in  the  planar  truss.  This  motion  can  be  sensed  through  the 
accelerometer  mounted  at  the  tip  station  of  the  truss.  The  accelerometer  is  aligned  in 
the  Y-axis  to  detect  transverse  acceleration  (see  Figure  1.1  on  page  2).  Assuming  that 
the  dominant  source  of  structure  induced  disturbance  on  the  beam  path  is  transverse 
motion,  a  Qdiat(t)  can  be  derived  from  the  accelerometer  output.  This  term  can  be 
integrated  to  approximate  Odiat(t)  and  again  to  find  ®diat{t)-  These  estimates  of  the 
disturbance  states  may  be  multiplied  by  the  gains  in  equation  2.5  to  implement  a 
feedforward  controller  that  approximates  the  inverse  of  the  plant. 


Chapter  3 

EXPERIMENTAL  RESULTS 


3.1  Design  Limitations 

The  physical  limitations  of  the  experimental  problem  are  the  driving  forces  behind 
the  final  selection  of  a  controller.  Achieving  high  bandwidth  and  rejection  over  a 
broad  frequency  range  drives  the  integral  gain  to  large  values.  The  20  db/decade 
roll-off  of  K(s)  up  to  (Ki/ Kp)/2t  Hz  along  with  the  40  db/decade  roll-off  of  G(s)  at 
500  Hz  gives  the  combined  open  loop  forward  transfer  function  K(s)G(s)  the  desired 
gain  profile  as  discussed  in  section  2.2.1.  The  bandwidth  of  the  closed  loop  system 
and  thus  the  zero  db  crossover  frequency  is  limited  by  the  noise  characteristics  of  the 
system.  The  room  lighting  jitter  discussed  in  section  1.3.5  is  the  major  source  of  noise 
affecting  the  design.  The  bandwidth  of  the  system  should  be  kept  below  120  Hz  so 
that  noise  rejection  will  occur  at  the  critical  frequencies.  The  high  frequency  noise 
problems  along  with  stability  requirements  also  limit  the  value  of  Kp.  Increasing  the 
proportional  gain  has  the  affect  of  both  increasing  the  gains  at  high  frequencies  and 
pushing  the  characteristic  roots  toward  the  right  half  of  the  s-plane.  Noise  consid¬ 
erations  also  prohibited  the  addition  of  stabilizing  derivative  or  lead  compensation 
into  the  design.  These  were  attempted  and  unavoidably  created  unacceptable  noise 
amplification. 

Another  constraint  on  the  magnitude  of  K(s)G(s)  is  power  and  speed  limitations 
of  the  control  and  actuation  hardware.  When  the  amplified  error  signal  grows  faster 
than  the  piezo-actuated  mirror  can  react,  the  GP-6’s  operational  region  of  ±  10  volts 
is  exceeded  and  its  circuitry  overloads.  This  limitation  is  due  to  the  current  lim¬ 
ited  expansion  time  of  the  piezo.  The  shortest  expansion  time  for  the  translator  is 
governed  by  the  equation 

t  —  ?mai  f  3  1 1 

'expansion  2  X  C  X  Vo '  '  ' 

C  is  the  electric  capacitance  of  the  piezo  stack  -  10.8^F,  imaT  is  the  amplifier  maximum 
average  current  output  -  60  mA,  and  Vq  is  the  input  voltage.  As  gains  arc  increased. 
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the  values  of  V0  the  piezo  amp  sees  grow  linearly.  The  compensator  gain  is  thus 
limited  by  the  current  capabilities  of  the  piezo  amplifier  and  the  capacitive  properties 
of  the  piezoelectric  translator  that  drives  the  mirror. 

3.2  Final  Controller  Selection 

The  overall  structure  of  the  controller  with  PI  feedback  and  feedforward  compensation 
is  shown  in  Figure  3.1. 


structural  induced 

disturbance  jitter 


sensor  noise 


Figure  3.1:  Block  Diagram  of  Overall  Control  Structure 

3.2.1  PI  Controller 

The  final  compensator  selection  is  made  taking  into  consideration  all  of  the  theoretical 
design  issues  and  actual  hardware  constraints.  PI  feedback  is  the  chosen  control 
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structure  for  the  reasons  of  simplicity  and  ease  of  implementation.  Tuning  of  gains  is 
done  through  a  trial  and  error  approach,  pushing  for  maximum  disturbance  rejection, 
while  limited  by  stability,  noise,  and  control  saturation  considerations.  The  result  is 
a  compensator  of  the  form 


Ge(s) 


0.5(a  +  1000) 

s 


(3.2) 


The  gain  profile  of  the  PI  controller  has  the  desirable  characteristics  discussed  in 
section  2.2.1.  A  magnitude  plot  of  K(s)  is  shown  in  Figure  3.2.  The  resulting  open 


Frequency  (Hz) 


Figure  3.2:  Magnitude  Plot  of  PI  Controller,  K(s) 


loop  forward  transfer  function  has  high  gains  at  low  frequencies  and  low  gains  at  high 
frequencies.  The  magnitude  plot  of  I<(s)G(s)  is  shown  in  Figure  3.3. 
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The  implemented  design  is  stable  with  6.4  db  gain  margin  in  the  proportional  loop 
and  2.5  db  gain  margin  in  the  integral  loop.  This  means  Kp  can  be  increased  by  a 
factor  of  2.1  before  instability  occurs,  but  noise  becomes  a  problem  before  stability. 
I\,  can  be  increase  by  a  factor  of  1.33  before  instability  occurs.  The  integral  gain  is 
pushed  to  the  limit  to  get  the  maximum  possible  disturbance  rejection.  The  analog 
computer  implemented  circuit  is  shown  in  Figure  3.4. 

3.2.2  Feedforward  Controller 

Implementing  the  feedforward  loop  requires  a  pseudo  plant  inversion  as  described  in 
section  2.2.2.  When  the  mirror-piezo  plant  parameters  are  put  into  equation  2.5,  the 
resulting  control  law  is 


Vfeedf0Tward(t)  =  -4.05  x  lO"70dtit(O  -  5.09  x  lO-40dli((O  -  40^(0-  (3.3) 
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Accelerometer  dynamics  exist  at  frequencies  in  the  kHz  range,  far  above  the  desired 
control  bandwidth  of  the  design.  The  accelerometer  output  is  therefore  assumed 
to  be  Y(t)tip  +  high  frequency  noise.  For  small  disturbance  angles,  the  angular 
acceleration,  0nPdlJlur6ance  is  assumed  to  be  directly  proportional  to  the  transverse 
acceleration  Y(t).  This  assumption  is  good  as  long  as  the  truss  behaves  as  an  Euler- 
Bernoulli  beam  with  longitudinal  modes  of  magnitudes  negligible  in  relation  to  the 
transverse  (lateral)  modes.  The  validity  of  this  method  for  the  first  four  modes  was 
verified  by  observing  the  phase  relationship  between  the  photodetector  signal  and  the 
accelerometer  output.  These  are  precisely  180°  out  of  phase  for  the  modes  of  interest. 

Integration  of  the  Y(t)tip  signal  is  done  using  approximate  circuits.  It  is  impossible 
to  exactly  integrate  sensor  output  because  any  DC  component  of  the  signal,  no  matter 
how  small,  will  grow  and  eventually  ruin  the  feedback.  A  second  order  approximate 
integrator  is  used  so  that  zero  DC  gain  can  be  achieved. 


Gintegrator(s)  — 


S2  +  U>rS  +  U)2 


(3.4) 


The  value  used  for  u>r  is  0.628  [Hallauer  89].  Notice  that  when  s  =  ju>  =  0, 
integrator {Q)  =  0.  Thus  any  DC  signal  in  the  accelerometer  output  is  ignored.  The 
GP-6  analog  computer  implemented  circuit  is  shown  in  Figure  3.5.  Two  of  these 
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circuits  are  used  in  series  to  provide  the  0<t>*„url>on«  a°d  0uPd„lur6ance  signals  required 
for  feedforward  implementation. 

The  gain  values  shown  in  equation  3.3  must  be  scaled  and  implemented  using 
potentiometers.  The  0dt3t(<)  gain  is  so  small  that  the  corresponding  output  signal 
never  gets  beyond  the  noise  range  of  the  circuitry.  The  Qdist(t)  gain  *s  also  ver.v 
small.  Implementation  demonstrated  that  this  disturbance  velocity  path  does  not 
make  a  positive  contribution  to  disturbance  rejection  for  the  modes  of  interest.  The 
problem  once  again  is  poor  signal-to-noise  ratio  for  the  very  low  voltage  signals.  1  he 
Qdiat{t)  gain  is  four  orders  of  magnitude  larger  than  the  others,  the  actual  value  is 
tuned  by  starting  at  the  theoretical  setting  and  adjusting  until  maximum  rejection 
is  achieved  across  the  frequency  spectrum.  The  implementation  of  the  feedforward 
controller  with  only  the  disturbance  angle  path,  the  twice  integrated  accelerometer 
output  multiplied  by  a  gain,  gives  good  low  frequency  open  loop  rejection.  The 
omission  of  the  velocity  and  acceleration  loops  causes  a  loss  in  the  rejection  benefit 
as  frequency  increases.  The  feedforward  controller  should  never  cause  more  than  a 
slight  increase  in  net  disturbance  angle,  even  at  very  high  frequencies.  More  accurate 
implementation  hardware  would  allow  for  a  more  effective  pseudo-inversion  of  the 
plant  that  includes  Qdi>t{t )  and  0<«j<(O  loops. 
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3.3  Command  Following  and  Noise  Rejection 

As  discussed  in  section  2.2.1,  the  command  following  and  noise  rejection  properties  of 
the  system  may  be  examined  using  the  unity  feedback  form  of  the  closed  loop  transfer 
function,  K(s)G(s)/(l  +  K(s)G(s)).  This  transfer  function  is  evaluated  experimen¬ 
tally  by  applying  a  reference  voltage  at  the  input  and  monitoring  the  response  at 
the  sensor  output.  The  Tektronix  2630  Fourier  analyzer  is  used  to  apply  a  white 
noise  signal  at  Vrej.  The  input  and  output  signals  are  sampled  and  used  to  derive 
a  frequency  response  plot  as  discussed  in  section  1.3.9.  Figure  3.6  shows  the  result¬ 
ing  experimental  magnitude  results.  The  dashed  line  is  the  theoretical  evaluation 
of  the  closed  loop  function  using  the  linear  model.  The  peaking  at  resonance  has 


Frequency  (Hz) 

Figure  3.6:  Experimental  and  Theoretical  V3ensor/VTeference  of  the  Closed  Loop  System 
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increased  from  the  open  loop  results  due  to  the  loss  of  damping  with  the  PI  feedback. 
Figure  3.7  shows  the  same  transfer  function  obtained  using  the  sine  sweep  capability 
of  the  2630.  The  -3  dB  crossover  point  on  both  experimental  plots  is  60  Hz.  This 


Figure  3.7:  Sine  Sweep  of  V/sen3OT/V’re/ereTlce  for  Closed  Loop  System 

closed  loop  bandwidth  is  at  a  higher  frequency  than  the  first  four  dominant  trans¬ 
verse  modes.  The  bandwidth  is  less  than  the  dominant  noise  components  which  exist 
at  120  Hz  and  above  as  noted  in  section  1.3.5.  A  good  trade-off  has  therefore  been 
achieved  between  the  desire  for  high  bandwidth  and  noise  considerations. 
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3.4  Disturbance  Rejection 

The  rejection  of  line-of-sight  disturbances  caused  by  the  excitation  of  the  flexible 
structural  inodes  of  the  planar  truss  is  the  primary  design  goal.  The  structural 
disturbance  rejection  capabilities  of  the  system  are  analyzed  by  exciting  the  truss  and 
comparing  the  open  and  closed  loop  beam  motion.  The  first  method  used  involves 
driving  the  PMA  with  a  white  noise  input  from  the  2630  Fourier  analyzer.  The 
transfer  function  routine  as  described  in  section  1.3.9  is  invoked  to  derive  a  magnitude 
plot  of  the  input-output  relationship  in  the  frequency  domain.  This  is  done  for  the 
open  loop,  feedforward  loop  closed,  PI  loop  closed,  and  for  PI  and  feedforward  loops 
closed  cases.  The  results  are  shown  in  Figure  3.8.  Note  that  the  third  mode  barely 


Figure  3.8:  Vaen30T/VpMA  for  OL(-),  OL  FF(  — ),  CL(--),  and  CL  FF(-  •  •) 
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shows  up  in  the  frequency  responses.  The  control  mirror  is  mounted  one  truss  station 
in  from  the  tip.  It  turns  out  that  this  position  is  very  close  to  a  node  of  the  third  mode 
and  thus  the  24.7  Hz  motion  is  very  lightly  observable  through  the  sensor  output. 

rhe  magnitude  plots  in  Figure  3.8  can  be  used  to  derive  disturbance  rejection  for 
the  system  with  the  PI  loop  closed.  The  relevant  relationships  are: 
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Note  that  Vbenm  —  Vsenaor .  Thus  the  magnitude  plot  of  the  open  loop  transfer  function 
is  subtracted  from  the  magnitude  plot  of  the  closed  loop  transfer  function  to  find  a 
disturbance  rejection  frequency  response  curve. 

A  second  method  for  finding  line-of-sight  disturbance  rejection  is  to  excite  each 
structural  mode  discretely  by  applying  a  sinusoidal  input  through  the  PM  A  or  ATI's 
at  the  natural  frequency  of  interest.  The  AJT's  are  used  to  excite  the  first  mode 
while  the  PMA  is  more  effective  for  the  second,  third,  and  fourth  modes.  The  steady 
state  root-mean-squared  output  voltage  if  derived  for  the  open  loop,  feedforward  loop 
closed,  PI  loop  closed,  and  for  PI  and  feedforward  loops  closed  cases  for  each  mode. 
Disturbance  rejection  is  derived  through  the  relationship 


0(Ot>f’am,J  _  C77?.sf  V  ^  _ 

0(  f  )riisturbance,3  C7U  ,S  (  V  (f)bramQb) 

I  he  result  is  three  discrete  disturbance  rejection  values  at  each  of  the  four  modes. 
I  liese  values  are  shown  in  Table  3. 1. The  discrete  points  and  the  FFT  derived  fre¬ 
quency  response  curve  are  presented  in  Figure  3.9. 
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Table  3.1:  Discrete  Disturbance  Rejection  Values  in  dB 


Mode  1 

1.60  Hz 

Mode  2 

9.50  Hz 

Mode  3 

24.6  Hz 

Mode  4 

43.3  Hz 

CL 

-34.3 

-19.4 

-11.0 

-4.40 

FF 

-24.1 

-0.44 

+0.72 

-0.39 

CL-FF 

-60.1 

-20.2 

-11.2 

-4.67 

Frequency  (Hz) 

Figure  3.9:  Structural  Disturbance  Rejection  from  Acquired  Data 

Note  that  the  performance  of  the  feedforward  controller  drops  off  rapidly  after 
the  first  mode  and  actually  creates  a  slight  magnification  of  the  disturbance  at  the 
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third  mode.  This  limited  high  frequency  performance  is  due  to  factors  discussed  in 
section  3.2.2.  The  completely  implemented  system  with  PI  and  feedforward  loops 
closed  demonstrates  very  good  rejection  for  the  first  two  modes.  Performance  at 
these  modes  is  critical  for  satisfactory  performance  because  they  are  dominant  in 
magnitude  (see  Figure  3.8).  Disturbance  rejection  is  additive  between  the  PI  and 
feedforward  loops,  that  is  the  rejection  with  both  implemented  is  approximately  the 
sum  of  the  rejections  for  the  single  loop  cases.  This  property  is  desirable  because 
if  one  loop  is  broken  for  any  reason,  the  other  loop  continues  normal  operation  to 
provide  structural  disturbance  rejection. 


Chapter  4 

LASER  POINTING  SYSTEMS 


4.1  Introduction 

Pointing  systems  as  described  in  section  1.1  normally  require  a  range  of  beam  motion 
greater  than  the  ±  2.5  mrad  provided  by  the  mirror-piezo  assembly.  Spaced  based 
communications  and  astronomical  systems  require  slow  large  scale  angular  pointing 
to  compensate  for  the  Earth’s  rotation  and  orbital  motion.  Space  Defense  Initiative 
type  hardware  must  also  deal  with  target  trajectories.  A  logical  extension  of  the 
disturbance  rejection  system  discussed  in  chapters  1-3  is  the  addition  of  a  slow  single¬ 
axis  gimbal  that  provides  360°  of  rotational  capability.  The  net  effecf  of  the  combined 
system  is  that  low  frequency  pointing  and  disturbance  rejection  demands  are  met  by 
this  slow  gimbal,  while  the  high  bandwidth  piezo  driven  system  handles  the  high 
frequency  requirements.  A  single-axis  gimbal  is  implemented  in  the  form  of  a  DC 
motor  driven  turntable.  The  dual  actuator  system  is  integrated  by  mounting  the 
mirror-piezo  assembly  on  top  of  this  turntable.  Angular  control  can  therefore  be 
applied  through  either  the  piezo  input  voltage  or  the  DC  motor  input  voltage.  An 
Electro-Mike  displacement  transducer  is  used  to  detect  gimbal  angle  through  the 
motion  of  a  6  inch  aluminum  armature  mounted  from  the  turntable’s  rotating  base. 
Figure  4.1  shows  the  setup  including  the  mirror-piezo  assembly,  the  turntable,  the 
Electro-Mike,  and  the  DC  motor. 

4.2  Description  of  Hardware 
4-2.1  DC  Motor  Driven  Turntable 

The  turntable- DC  motor  assembly  was  originally  used  by  Captain  Harry  Gross  at  the 
U.S.  Air  Force  Academy  [Gross  90].  It  consists  of  a  DC  motor  and  gearbox  which  are 
connected  to  the  turntable  by  a  flexible  chain.  An  aluminum  chassis  houses  the  entire 
setup.  The  gear  ratios  provide  a  steady  state  rate  constant  of  13.3  (mrad/s)/volt. 


piezo  translator 


gassssa 


DC  motor 


turntable 


Figure  4.1:  Dual  Actuator  Setup  for  Mirror  Pointing 
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Because  of  the  nature  of  the  gear-chain  linkages  in  the  drive  system,  near  stall  and 
fine  positioning  performance  is  poor  while  speed  control  is  satisfactory. 

4-2.2  Displacement  Transducer 

The  Electro- Mike  PA12D03  displacement  transducer  measures  the  distance  between 
it  and  a  thin  steel  plate  mounted  at  the  tip  of  the  aluminum  armature  that  extends 
from  the  turntable  (see  Figure  4.1).  The  sensor  has  a  linear  position  detection  range 
of  0.050  to  0.500  inches.  Using  the  small  angle  assumption,  sin(O)  ss  0,  the  position 
signal  can  be  divided  by  the  armature  length  to  get  a  Qtumtabie  signal.  The  Electro- 
Mike  is  calibrated  such  that  its  output  is  0.041  volts/mrad. 

4.3  Modeling  of  the  DC  Motor  Driven  Turntable 

Modeling  the  turntable  through  open  loop  analysis  proved  to  be  difficult  because  of 
the  neutral  position  stability  of  the  DC  motor.  Any  test  signal  used  to  drive  the  motor 
unavoidably  contains  some  DC  component.  The  DC  voltage  causes  the  turntable  to 
rotate  out  of  sensor  range  before  sufficient  data  can  be  acquired.  For  this  reason  a 
more  structured  approach  to  modeling  is  taken.  Initially  the  form  for  the  transfer 
function  of  control  voltage  input  to  turntable  angle  output  is  assumed  to  be  that  of 
a  simple  DC  motor  with  a  constant  to  account  for  gearing. 

GlurnlM,(s)  =  -TTTTTu  (4.1) 

s(s  +  (1/t)) 

K  is  the  steady  state  rate  constant  of  13.3  (mrad/s)/volt.  The  lag  constant  r  must 
be  determined.  Because  the  turntable  plant  is  difficult  to  analyze  open  loop,  a  closed 
loop  root-locus  approach  is  taken  to  determine  the  unknown  parameters.  The  2630  is 
not  used  because  it  has  poor  capabilities  at  frequencies  below  1  Hz.  Instead  a  digital 
storage  oscilloscope  with  an  attached  X-Y  plotter  is  used  for  data  acquisition.  The 
position  signal  from  the  Electro-Mike  is  sent  through  a  potentiometer  and  connected 
to  the  DC  motor  driving  amplifier.  This  closed  loop  setup  creates  position  stability, 
so  the  DC  signal  problem  is  eliminated.  Root  locus  analysis  is  carried  out  by  varying 
the  potentiometer  setting  and  estimating  the  system’s  natural  frequency  and  damping 
at  each  point.  The  frequency  of  the  response  to  a  step  input,  is  measured  along 


with  the  settling  time,  t,.  The  natural  frequency,  u>„,  and  damping,  £,  for  that  point 
are  then  determined  using  the  relationships: 


Ud 

Un~ 


The  oscillatory  characteristic  root  locations  can  then  be  determined: 

s  =  —  £u>„  ±  u>n\J  1  -  f2. 

This  analysis  yields  a  characteristic  root  loci  shown  in  Figure  4.2. 


(4.2) 

(4.3) 

(4.4) 


Figure  4.2:  Experimental  Root  Locus  for  Turntable 
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The  proportional  feedback  system  goes  unstable  quite  quickly  for  very  moderate 
gains.  Such  behavior  is  not  well  explained  by  equation  4.1,  because  the  system  model 
never  goes  unstable  under  proportional  feedback.  The  problem  appears  to  be  a  slight 
time  delay  in  the  response  of  the  DC  motor  and  a  small  amount  of  play  in  the  flexible 
chain  that  connects  the  motor  to  the  turntable.  These  effects  are  lumped  together 
and  assumed  to  act  as  a  dead  time,  T.  The  parameterized  turntable  model  is  modified 
to  represent  this  destabilizing  condition. 


K(l/T)e~Ta 
s(s  +  (1/t)) 


(4.5) 


An  approximation  for  the  delay  term,  e~Ti,  can  be  found  to  put  the  transfer  function 
in  terms  of  simple  explicit  equations.  Two  methods  are  attempted:  a  first  order 
Taylor  series  approximation, 


e-rs  = 


eTa  l+Ts  +  (T2s2/2l)  + 
and  a  second  order  Pade  approximation, 


1  +  fs  +  gs2' 


1  +Ts 


In  both  cases  two  parameters,  r  and  71,  must  now  be  determined  to  find  the  model. 
An  initial  guess  for  these  values  is  made  by  examining  a  step  response  of  the  open 
loop  system.  Figure  4.3  shows  the  position  output  and  the  step  input  control  volt¬ 
age.  The  time  delay,  T,  is  estimated  at  0.152  seconds,  and  the  lag  constant, r,  is 
guessed  at  0.25  seconds.  These  parameters  are  tuned  until  the  root  locus  of  the  model 
matches  reasonably  well  with  the  experimental  values.  The  values  lose  some  physical 
significance  with  this  tuning,  but  the  resulting  model  is  one  that  best  represents  the 
stability  properties  of  the  turntable  plant.  It  turns  out  that  the  first  order  Taylor 
series  approximation  for  the  time  delay  does  just  as  good  a  job  in  representing  the 
time  delay  as  the  second  order  Pade  approximation.  The  first  order  method  is  chosen 
for  the  sake  of  simplicity.  The  final  values  for  the  parameters  are  T  —  0.050  and 
r  =  0.833,  completing  the  model. 


(4.8) 
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Figure  4.3:  Open  Loop  Turntable  Step  Response 
4.4  Lead  Compensation 


As  Figure  4.2  shows,  the  DC  motor-turntable  plant  exhibits  poor  stability  character¬ 
istics  under  proportional  compensation.  The  available  signal  for  feedback  is  Qtumtabie 
derived  from  the  Electro-Mike  output.  The  stabilizing  signal  Qtumtabie  is  not  avail¬ 
able  as  the  DC  motor  is  not  fitted  with  a  tachometer.  The  solution  is  the  use  of 
lead  compensation  to  improve  response  speed  and  damping.  The  position  transducer 
signal  is  fed  through  a  analog  computer  implemented  controller  circuit  and  into  the 
DC  motor  amplifier.  The  controller  transfer  function  has  the  form: 


Glead(s) 


Kteadis  +  Z) 

i»  +  P) 


P>  Z. 


(4-9) 


The  implemented  values  for  Z  and  P  are  2.00  and  45.5  respectively.  Increasing  the 
parameter  Kiead  raises  the  natural  frequency  of  the  system  but  decreases  damping. 
A  gain  of  10.0  provides  critical  damping  and  quick  time  responses.  The  final  lead 
compensator  is: 


G/eadCs)  = 


10(3  +  2) 
(3  +  45.5)’ 


(4.10) 
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The  response  of  the  closed  loop  turntable  system  to  a  step  command  in  shown  in 
Figure  4.4.  A  settling  time  of  1.25  seconds  is  achieved  with  critical  damping.  The 
loop  gain  margin  is  8.8  dB,  that  is  Kiead  can  be  increased  to  27.6  before  the  system 
goes  unstable.  At  gains  larger  than  1C.0,  higher  order  dynamics  become  a  problem. 
The  start  of  this  trend  can  be  seen  in  Figure  4.4  as  the  slight  pause  in  the  step 
response  at  0.10  seconds. 
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Figure  4.4:  Closed  Loop  Turntable  Step  Response 


4.5  Command  Driven  Pointing  System 

A  simple  configuration  for  combining  the  turntable  and  piezo-mirror  in  a  combined 
pointing  system  is  the  command  driven  pointing  system.  The  logic  behind  this  setup 
is  that  the  turntable  is  directed  independently  of  the  piezo-mirror  by  some  external, 
open  loop  pointing  command.  This  simulates  the  use  of  an  outside  signal  coming 
from  devices  such  as  radar  or  infra-red  tracking  systems.  The  turntable  starts  from 
an  initial  condition  that  has  the  beam  out  of  the  photodetector  range.  When  the 
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command  is  applied,  the  DC  motor  drives  the  turntable  to  the  center  of  the  sensor  in 
approximately  1.25  seconds  as  shown  in  Figure  4.4.  The  piezo-mirror  is  used  for  pre¬ 
cision  pointing  and  disturbance  rejection.  While  the  beam  is  off  of  the  photodetector, 
the  PI  loop  of  the  fast  loop  rejection  system  must  be  disengaged.  This  requirement 
exists  because  without  the  beam  on  the  sensor,  the  feedback  signal  increases  to  sat¬ 
urate  the  piezo  amplifier  and  negate  the  effectiveness  of  feedforward  control.  If  the 
sensor  feedback  is  not  disengaged,  the  position  error  becomes  unobservable  and  any 
small  DC  component  in  the  sensor  position  signal  due  to  asymmetric  lighting  is  inte¬ 
grated  without  control.  Another  problem  that  exists  when  the  beam  is  not  in  sensor 
range  is  noise.  The  magnitude  of  the  position  signal  noise  increases  greatly  when 
the  strong  beam  illumination  is  removed,  all  that  is  left  is  the  noisy  jitter  from  the 
AC  powered  room  fluorescent  lighting  discussed  in  section  1.3.5.  Obviously,  when 
the  photodetector  is  not  illuminated  by  the  laser  beam,  the  PI  feedback  loop  must 
be  rendered  inoperative.  This  is  done  using  a  DC  relay  and  the  sum  signal  from  the 
sensor.  The  sum  signal,  a  measure  of  the  magnitude  of  photodetector  illumination, 
is  approximately  0.4  volts  without  and  5.5  volts  with  the  laser  beam  on  the  sensor. 
This  sum  signal  acts  as  a  trigger  which  closes  the  PI  loop  when  its  voltage  reaches 
the  relay  threshold  of  2.5  volts.  The  overall  command  driven  pointing  system  block 
diagram  is  shown  in  Figure  4.5.  With  the  beam  off  of  the  photodetector  and  the  PI 
loop  disengaged,  the  feedforward  controller  is  still  operative.  Disturbance  rejection 
therefore  follows  the  curve  for  feedforward  control  untilthe  turntable  positions  the 
beam  on  the  target,  at  which  point  the  curve  for  closed  loop  with  feedforward  control 
applies  (see  Figure  3.8). 
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4.6  Master-Slave  Pointing  System 

A  second  configuration  for  the  integration  of  the  turntable  and  the  mirror-piezo  plants 
is  the  master-slave  pointing  system.  Unlike  the  command  driven  system,  this  setup 
requires  that  the  beam  remain  on  the  sensor  at  all  times.  The  turntable  acts  as  a 
single-axis  gimbal  that  takes  care  of  the  large  scale  angle  and  slow  disturbance  re¬ 
jection  requirements.  The  piezo-mirror  plant  takes  care  of  the  high  frequency,  low 
authority  demands  on  this  combined  system.  Using  these  two  plants  to  essentially 
accomplish  the  same  goal  but  over  separate  operating  bandwidths  creates  a  feedback 
signal  problem.  If  the  sensor  position  output  is  used  as  the  driving  signal  for  both 
actuators,  the  turntable  is  rendered  useless.  In  this  case  the  piezo-mirror  acts  quickly 
to  eliminate  any  error  until  its  control  authority  is  exhausted.  While  this  condition 
exists,  the  slower  turntable  never  has  a  chance  to  react.  The  beam  leaves  the  photode¬ 
tector  range  before  the  piezo  translator  range  is  exceeded  and  when  that  happens  the 
target  becomes  unobservable  and  the  system  crashes.  The  solution  to  this  problem 
is  to  have  the  turntable  work  in  a  cooperative  rather  than  adversarial  relationship 
with  the  piezo  loop.  The  lead  compensated  turntable  is  slaved  to  the  PI  controlled 
piezo  loop  as  shown  in  Figure  4.6.  The  output  of  the  PI  controller  is  fed  through  a 
crossfeed  controller  and  into  the  turntable  loop  as  a  reference  input.  In  this  way  an 
error  signal  is  generated  that  drives  the  turntable  to  relieve  the  piezo  translator  from 
its  low  frequency  and  DC  requirements.  The  slow  loop  trails  the  fast  loop  and  thus 
the  term  slave  and  master.  The  crossfeed  term  is  configured  as  a  PI  controller  of  the 
form 

0.25(s  +  0.50) 

tJcroasfccdyS 


S 


(4.11) 
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The  implementation  of  the  crossfeed  term  is  limited  by  stability  problems  caused 
bv  the  non-minimum  phase  behavior  in  the  motor  driven  turntable.  This  stabil¬ 
ity  problem  is  the  major  limitation  of  the  performance  of  this  master-slaved  pointing 
system.  The  crossfeed  controller  presented  in  equation  4.11  represents  the  maximum 
gains  and  thus  maximum  pointing  performance  available  while  maintaining  the  stabil¬ 
ity  of  the  overall  system.  Figure  4.7  shows  the  response  of  the  piezo  loop  PI  controller 
output  to  a  step  displacement  of  the  target.  The  initial  jump  results  from  the  piezo 
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figure  4.7:  Piezo  Loop  PI  Controller  Output  Voltage  Response  to  Step  Target  Dis¬ 
placement 

quickly  eliminating  the  error  signal  feedback  from  the  sensor.  The  exponential  decav 
that  follows  is  the  action  of  the  turntable  as  it  relieves  the  piezo  translator  until  in 
steady  state  the  piezo  driving  voltage  is  zero.  The  steady  state  turntable  driving 
voltage  is  also  zero  because  of  the  position  freedom  of  the  DC  motor.  Notice  that  the 
settling  time  for  this  step  response  is  large,  t ,  =  3.20  seconds.  Pointing  performance 
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of  the  mas  er-slave  system  is  slow  due  to  the  stability  limitations  discussed  above. 
The  maximum  tracking  velocity  of  the  implemented  setup  is  1.01  mrad/second. 


Chapter  5 

CONCLUSIONS  AND  RECOMMENDATIONS  FOR 

FUTURE  WORK 

Successful  design  and  implementation  of  a  disturbance  rejection  system  for  the 
structurally  borne  laser  beam  path  has  been  demonstrated.  Both  closed  loop  PI  and 
open  loop  feedforward  control  is  used  to  drive  the  plant,  a  piezo  actuated  mirror.  The 
bandwidth  of  the  closed  loop  system  is  60  Hz,  a  value  that  represents  the  compro¬ 
mise  between  command  following-disturbance  rejection  requirements  and  signal  noise 
considerations.  The  feedforward  loop  provides  additional  rejection  of  structural  dis¬ 
turbances  while  not  affecting  the  system  bandwidth.  Experimental  results  show  that 
good  disturbance  rejection  is  achieved  for  the  first  four  dominant  transverse  modes 
of  the  20  bay  flexible  planar  truss  structure. 

The  two  pointing  systems  which  make  use  of  the  DC  motor  driven  turntable  show 
how  slow,  large  scale  motion  actuators  can  be  coupled  with  fast,  limited  range  devices 
to  form  an  effective  hybrid  setup.  The  most  restrictive  element  in  the  experimental 
implementation  of  these  systems  is  the  DC  motor.  It  has  poor  near  stall  performance 
and  the  driving  mechanism  has  characteristic  time  delays.  By  adapting  a  better 
performing  motor  such  as  a  direct  drive  DC  unit  to  this  hybrid  setup,  these  problems 
could  be  avoided.  Improved  stability  properties  would  allow  much  greater  latitude  in 
design  for  achieving  a  faster  two  loop  pointing  system. 

While  the  experimental  setup  discussed  in  this  thesis  is  limited  to  a  single  degree 
of  freedom  mirror,  it  may  easily  be  expanded  to  two  degrees  of  freedom  by  using 
a  second  piezo  translator  mounted  in  the  vertical  axis.  In  this  case  a  dual  axis 
photodetector  would  be  used  for  feedback  in  two  separate  PI  control  loops.  An 
experimental  setup  with  a  two  degree  of  freedom  mirror  is  necessary  for  most  practical 
pointing  and  tracking  applications.  Targets  rarely  maintain  a  path  along  a  single  axis 
and  flexible  structures  normally  have  torsional  modes.  The  single  axis  experiment 
serves  as  a  baseline  for  the  more  complicated  applications,  it  exposes  the  major 
hardware  limitations  and  allows  for  the  exploration  of  useful  control  strategies. 
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